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Abstract

Photinus signaticollis Blanchard, 1846 (Coleoptera: Lampyridae) is a firefly native to South America and recently estab-
lished in Europe. Since 2016, this firefly has colonized the northeastern part of the Iberian Peninsula and crossed the
Pyrenees to reach southern France in 2019. The larvae of this firefly feed on earthworms, so a high density of this species
could negatively impact this key group in soil processes and agriculture. The precise extent of colonization, the environ-
mental niche and the potential range expansion in non-native areas are currently unknown. Using species distribution mod-
els, we have found the high suitability areas across Europe where P. signaticollis may become established if introduced.
Interestingly, using only South American records and associated conditions modelling it can be strongly predicted where
the species is currently found in Europe. Despite a few propagules of P. signaticollis detected in very unsuitable areas
of Spain were no longer detected after their initial observation, the climatic niche overlap between South America and
Europe populations appeared to be very low. In our case, this pattern is more likely to reflect a high unfilled niche rather
than a niche expansion or niche shift, because many occupied areas in South America possess a climate not occurring in
Europe. Among the considered variables, we furthermore found that only the temperature seasonality appeared to be the
same in both native and European areas and relevant in the models, suggesting that it may represent the main limiting
factor for establishing this firefly.

Implications for insect conservation

The introduction and population expansion of a non-native firefly is a novel event in European communities and the effects
are unpredictable: through their interspecific competition with native fireflies and possible interactions with other insects,
they could disrupt fragile surface balances, and their feeding on earthworms could potentially affect soil communities and
processes.
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movement of fauna and flora (Masters and Norgrove 2010),
globalization and increased movements of goods lead to
a rapid increase in biological colonization by foreign spe-
cies and potential invasions (Mormul et al. 2022). Invasion
events by exotic species can cause direct or indirect dam-
age to native fauna and flora or even human activities and
health by producing pests or diseases (Mooney & Hobbs
2000; Crowl et al. 2008; Pysek and Richardson 2010).
Often, the impact of exotic species is long-term, produced
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by not-monitored species or caused by organisms of low
importance from the point of view of human activity and
thus not considered invasive sensu stricto. For these rea-
sons, detecting and investigating all types of exotic species
is of utmost importance to implement curative measures
as soon as possible or to exercise extreme caution and pre-
vention in areas not yet colonized (Kim et al. 2006; Hulme
2009).

An important part of studying exotic and invasive spe-
cies is investigating their ecology in their area of origin and
comparing it with that shown in the occupied non-native
areas. Hence, extrapolating the ecological requirements
of the species, such as the climatic niche, to colonized or
potentially colonized areas will subsequently allow to pre-
dict the potential risk areas and undertake curative actions
early (Thuiller et al. 2005; Jiménez-Valverde et al. 2011).
However, the reality is that for many insect species there is
a serious lack of ecological information in invaded or alien
areas as well as in native areas. Therefore, studies investi-
gating this issue help both to generate new knowledge and
to make possible management decisions if the alien species
behaves as an invader or pest.

Here, we focus on an exotic South American firefly
species in Europe, Photinus signaticollis Blanchard, 1846
(Coleoptera: Lampyridae) (Figure S1) that thus far is colo-
nizing some territories of the Iberian Peninsula (northeast
and some inland areas) and southeastern France (Orien-
tal Pyrenees), on both sides of the Pyrenees (Koken et al.
2022). This species was originally identified and described
from Catalonia in 2018 as Photinus immigrans Zaragoza-
Caballero and Vifiolas (2018), and was presumed to be
native to Central or North America. However, the species
was eventually synonymized with the species P. signaticol-
lis from Argentina and Uruguay by comparing the genitalia
of South American and European specimens (Koken et al.
2022).

Atleast in Europe, P, signaticollis has a dispersal distance
of 6 +3.5 km/year, prefers pasture areas to other types of
lands, and shows two peaks of adult presence, a smaller one
at the end of May and a larger one at early August (in South
America, at the end of February and November), apparently
avoiding periods with higher temperatures (in Europe, July
and early August) (Koken et al. 2022).

In addition, preliminary data from captive breeding of
the species indicate that females laid eggs on the soil, more
specifically on decaying leaves, litter and grass stems or
inside thick well-developed and moist root systems of pas-
tures where the larvae seem to thrive (De Cock unpublished;
Koken et al. 2022). In captivity, the larvae always hide from
light and reside in layers with very humid conditions (De
Cock, unpublished data). Interestingly, the larvae of one
brood, grown under the same conditions (room temperature

@ Springer

18-26 °C, same access to food), can develop fast, i.e., in
eight months, or take longer and become adults after more
than one year. Metamorphosis to adults in Europe happens
in Spring (April-May) and late Summer (August-Septem-
ber). This strategy, with a rather long adult life span (3—4
weeks), allows offspring of one brood to “colonize” over
warm seasons (Spring — early Autumn) but also over more
years (De Cock, unpublished data).

The larva of P. signaticollis is a predator of earthworms
and seems not to be trophically associated with slugs and
snails, thus probably not competing at the food resource
level with most European native glow-worms and fireflies
(Koken et al. 2022), except of the Photinini genera Phos-
phaenus and Phosphaenopterus that also predate on earth-
worms (De Cock 2000; Cock 2009; Nunes et al. 2021).
However, the introduction of this new taxon into the Euro-
pean biological communities may have consequences for
the native oligochaete fauna, especially if the exotic fire-
fly occurs in high densities, negatively impacting this key
invertebrate group known to be very important in soil pro-
cesses and agriculture (Edwards 2004; Bertrand et al. 2015).

Here, (1) we describe and compare the climatic niche
of P. signaticollis in both its native and non-native areas to
evaluate the degree of niche overlapping and shift, and (2)
we attempt to characterize the potential distribution of P, sig-
naticollis using species distribution models (SDMs) (both in
native and colonized areas), and in particular we identified
the most suitable areas for colonization of this exotic firefly
in Europe based on climatic variables. Through this meth-
odology, we outlined the potentially most risky areas due to
the establishment of this species.

Materials and methods
Occurrence points

To collect all the available geo-referenced data of P. sig-
naticollis from South America (the native range), the Global
Biodiversity Information Facility (GBIF) (http://www.
GBIF.org) was consulted. The available data for Europe
(the colonized range) were extracted from the citizen sci-
ence platforms Biodiversidad Virtual (www.biodivers-
idadvirtual.org) and iNaturalist (www.inaturalist.org) (data
incorporated in GBIF). In this region (especially in Spain
and France), there are citizen science projects working to
collect these records: “Grup Cucadellum”, “Observatoire
des vers Luisants et des lucioles” and “Gusanos de Luz”.
Both datasets were compiled in Koken et al. (2022) (Table
S1, Figure S2). All occurrence records used in our analy-
ses have been corroborated or identified by the authors of
this article by photographic identification. To avoid spatial


http://www.GBIF.org
http://www.GBIF.org
http://www.biodiversidadvirtual.org
http://www.biodiversidadvirtual.org
http://www.inaturalist.org

Journal of Insect Conservation

bias and contagion in highly sampled areas, we sifted all the
data from both areas into a 1 X 1 km grid, thus obtaining the
centroids of the grids with presence points for the species
distribution models. New occurrence points of this firefly in
South America (Table S2) obtained during the preparation
of this manuscript have been used to perform an external
evaluation analysis of the final model.

Data variables

The 19 bioclimatic variables of the current climate of World-
Clim database version 2.1 (http://www.worldclim.org) were
extracted with 30 s cell sizes (i.e., grids of 1 X 1 km) and fit-
ted into two spatial frameworks: the Neotropic (i.e.,: South
America, the native range) and the Western Palearctic (i.e.,
Europe, the colonized range).

The bioclimatic variables present data from 1970 to 2000
and are widely used to predict the potential distribution of
species by reflecting temperature and precipitation patterns
and their variation since these are overall ecologically mean-
ingful for species (Araujo and Guisan 2006; Peterson et al.
2011). The work scheme of Polidori et al. (2021)d mez et al.
(2022) was applied, considering that the climatic variables
were strongly correlated. A hierarchical cluster analysis was
performed, resulting in a dendrogram showing the similarity
in the two studied areas (native and the colonized) among
all the studied variables (Dormann et al. 2013). We used
Ward-clustering based on the correlation matrix, one of the
most used methods to obtain distances among the variables
(Harrell 2015). The chosen distance threshold to form the
clusters was set at 0.3, i.c., less than 70% correlation (fol-
lowing Polidori et al. 2021). To select the variables included
in the same cluster, we followed the next statements: (1)
the one that more optimally discriminates between habitable
and non-habitable areas in a previous simple environmental
coverage model (see below), or (2) the one that makes the
most biological sense a priori for this species of firefly, (3)
the most derived variable (Figure S3).

The final set of selected variables included: temperature
seasonality (bio4), annual temperature range (bio7), mean
temperature of wettest quarter (bio8), mean temperature of
warmest quarter (biol0), annual precipitation (biol2), and
precipitation of coldest quarter (bio19) (Figure S3).

Species distribution modeling

We estimated the climate-based potential distribution of P
signaticollis through two approaches: (1) a simple environ-
mental coverage model and (2) ensemble modeling.

To determine the similar areas amongst all present and
to be able to project the climatic conditions of the native
area over the colonized zones (and vice versa), a simple

environmental coverage model was performed. This model
shows by means of an index (simple environmental cover-
age model index, SECMi) ranging from 0 to 19 (for the 19
variables used in WorldClim), the habitability of a terri-
tory (i.e., the degree of resemblance to the area conformed
by the presences). The SECMi is calculated by the sum of
each environmental variable transformed into binary (0-1),
where 1 represents areas with values within the range of
extremes for that variable describing the species’ presence,
and O represents areas with values higher or lower than the
range of extremes for that variable. The highest value (i.e.,
SECMi=19) indicates the most habitable area, and the
lower values (SECMi< 19) are considered non-habitable
areas (Gil-Tapetado et al. 2022).

To investigate the spatial ecology of P. signaticollis we
used six different algorithms through the biomod?2 library
(Thuiller et al. 2019): Generalized Linear Model (GLM),
Generalized Additive Model (GAM), Artificial Neural Net-
work (ANN), Classification Tree Analysis (CTA), Random
Forest (RF) and Maximum Entropy (MaxEnt). The final
ensemble model is based on the average of 72 individual
models (i.e., 12 iterations X 6 algorithms) and was used to
predict the potential distribution of the studied firefly.

The background and pseudoabsence construction was
based on the simple environmental coverage model. Habit-
able areas (SECMi=19) were used to establish the back-
ground points, whereas areas that did not fulfil at least one
of these variables (SECMi < 19) were used to establish the
pseudoabsence points (Gil-Tapetado et al. 2018; Polidori et
al. 2021).

Presence, pseudoabsence and background data were split
in 75/25% to generate an external “Area Under the receiver
operating characteristic Curve” (AUC) evaluation for the
final models, independently of the internal AUC evaluations
of each model generated by biomod?2. A total of 60 indi-
vidual models were tested with their individual AUC evalu-
ation, choosing only the models with AUC>0.7 (i.e., good
to excellent performance of the model following the scale of
Thuiller (2003). All the models were validated and fulfilled
this condition and were used to calculate the final ensemble
average model.

Finally, the ensemble models were evaluated through
the external AUC test with 25% of the data. Also, the
occurrences collected during the preparation of this
manuscript (see Occurrence points section) were used to
perform another external evaluation through an AUC test
with this external dataset and an iteration of the same
number of randomly generated pseudoabsences with 100
replicates, obtaining an average AUC value. The Cut-off
value of the final ensemble model was calculated with
the total sum of squares (TSS) of the ensemble model
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(Europe =0.713; South America=0.581) to establish the
areas of the presence of P. signaticollis.

Variable selection and species distribution models
were carried out using the R v 3.5.0 program through
RStudio Software v 1.1.453 (Rstudio Team 2015). Back-
ground and pseudoabsences point generation and model
maps were performed in ArcGIS for Desktop v 10.3
(ESRI 2014).

Distribution and ecological analyses

We analyzed the potential distributions of P. signaticollis
in both territories of interest using an analysis of variance
(ANOVA), comparing the areas of presence and absence
in the native and colonized areas and the areas of pres-
ence with each other. In this way, we were able to evalu-
ate whether the presence of this firefly in Europe varies
ecologically with respect to its native area.

Finally, we compared the two areas through a principal
component analysis (PCA) of the occurrences in South
America and Europe, another PCA of 10,000 random
points in the high suitability areas of each ensemble model
in the two areas and a radar chart with the mean value of
the previous points by each variable used in the models.
Likewise, the niche overlap, equivalency and similarity
of P. signaticollis in its native and colonized areas were
calculated (Wiens and Graham 2005; Broennimann et
al. 2012; Guisan et al. 2014), obtaining the expansion,
stability and unfilling of the species niche. Niche over-
lap between native and colonized range was calculated
using Schoener’s D index (Schoener 1970), which var-
ies from zero (no overlap between niches) to one (total
overlap). We then followed Broennimann et al. (2012) to
niche equivalency (i.e., whether niche overlap is constant
when randomly reallocating the occurrences of both enti-
ties among the native and colonized areas) and similar-
ity (i.e., whether the overlap between observed niches in
native and colonized areas is different from the overlap
between the observed niche in one area and randomly
selected niches from the other area). The null hypothesis
of niche equivalency cannot be rejected if the observed
value of D falls within the density of 95% of 1000 simu-
lated values while the species occupies environments in
both of its ranges that are more similar to each other than
expected if the observed overlap is greater than 95% of
1000 simulated values (Broennimann et al. 2012). We
follow Polidori and Sénchez-Fernandez (2020) to per-
form these analyses using the ecospat package (Di Cola
et al. 2017) in R-Studio.
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Results

Simple environmental coverage models (Fig. 1) show that
P signaticollis has the highest SECMi values (habitable
areas) in the Pampean region of South America and around
the Mediterranean and Atlantic coasts (ignoring those of
the Cantabrian Sea) in Europe. These maps show that the
habitable areas in South America, its native zone, are found
in a larger territory (Fig. 1B) than in the colonized zone
(Fig. 1A). This indicates that the conditions of the colonized
areas are more restricted than the conditions of their native
area (Table 1). Considering the total conditions of the spe-
cies (with all the occurrences in both areas), it is observed
that in South America, there are few changes in the most
habitable areas, while in Europe, there are potentially more
habitable territories (Fig. 1C).

The evaluation of the ensemble model for the AUC test
with 25% of the data indicated an optimal performance of
the model for South America (1.00) and Europe (1.00) (Fig-
ure S4). The AUC test with the South American ensemble
model with an external dataset also shows an excellent
model performance (0.996). The ensemble model indicates
that the highly suitable areas for this firefly in South Amer-
ica are located in the temperate climate zones with warmer
summers of La Pampa, around the mouth of the Rio de la
Plata, and the El Chaco areas (Fig. 2A). On the other hand,
in Europe, the high suitability areas (i.e., risk areas where it
is more likely that P. signaticollis can settle if it arrives) are
located on the Northeastern Mediterranean coasts of the Ibe-
rian Peninsula (in Catalonia and the north of the Valencian
Community) and scattered areas of inland France, North-
ern France and Belgium (West Flanders), Italy (between
Livorno and Piombino) and England, all zones where this
species has not yet been reported (Fig. 2B). Inland areas of
the Iberian Peninsula (La Rioja and Extremadura) show low
suitability for this species.

Differences among variables that consider the high-
and low-suitability areas of the native and colonized area
(Fig. 3) indicated that, in South America, the highly suit-
able areas of P. signaticollis are characterized by having
greater temperature seasonality (bio4) and annual tem-
perature range (bio7), while the rest of the variables (mean
temperature of wettest quarter (bio8), mean temperature
of warmest quarter (biol0), annual precipitation (biol2),
and precipitation of coldest quarter (biol9)) have lower
average values (Fig. 3A). On the other hand, in Europe
(Fig. 3B), high suitability areas are characterized by lower
temperature seasonality and annual temperature range and
high annual precipitation and precipitation of coldest quar-
ter than in South America. The most important variables
in South America are temperature seasonality and annual
temperature range, while in Europe, it is also temperature
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Fig. 1 Simple environmental
coverage model of P. signaticol-
lis in South America (left) and
Europe (right) considering the
range of maximal and minimal
values of the occurrences in (A)
Europe, (B) South America, (C)
Both areas. Values of the map are
related to the simple environ-
mental coverage model index
(SECMi) from 19 (all environ-
mental conditions match with the
occurrences) to 0 (no conditions
match with the occurrences)

seasonality, together with the precipitation of coldest quar-
ter (Table 2).

A comparison of the highly suitable areas of South
America and Europe (Fig. 4) indicates significant differ-
ences between the used variables except for temperature
seasonality. In the cases of annual temperature range, mean
temperature of wettest quarter, mean temperature of warm-
est quarter and annual precipitation, there are higher mean
values in South America than in Europe. In contrast, the
precipitation of coldest quarter is higher in Europe than in
South America. PCAs of empirical occurrences (Fig. 5A)
and high suitability areas (Fig. SB) from South America and
Europe to observe the degree of niche overlapping indicate
a very low niche overlap between fireflies in native and col-
onized areas. This low niche overlap is also demonstrated
by analyses of niche overlap parameters (Table 3), indi-
cating that niche expansion and unfilling were higher than
stability in both empirical occurrences and high suitability

areas. In addition, no significant results were found for both
niche equivalency and niche similarity tests with the occur-
rence data but with the ensemble models data, indicating
a greater niche similarity in these last analyses. The com-
parison between the values of the variables used in the P,
signaticollis models (Fig. 5C) shows that the values of the
presence variables of this firefly in Europe are lower than
those in South America, except in the case of the precipita-
tion of coldest quarter.

Discussion

Photinus signaticollis in its native South America is mainly
distributed in the temperate zones of Argentina and Uruguay,
which have — at least in some areas — very similar climatic
characteristics to those found on the western Mediterranean
coast. This climatic similarity seems to have allowed this
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Fig.2 A. Ensemble model of
Photinus signaticollis in South
America (native range) B.
Ensemble model of this species
in Europe and Northern Africa.
Values represent the suitability
of each ensemble model. Cut-off’
values of the ensemble models
(brown bar) for South America
(0.581) and Europe (0.713)

are indicative areas which are
also suitable and/or potentially
colonizable by P. signaticollis. In
the top right corner, a photograph
of a male individual of P. sig-
naticollis in Maureillas-Las-Illas,
France, on 13 Jun. 2022. Author
of the photograph: Marcel Koken

Fig. 3 Boxplots of absences and
presences points and variables
used in the ensemble model of
Photinus signaticollis in (A)
South America; (B) Europe. F
and p (> F) values are included.
*** = p<0.0001

A

Temperature seasonality

Mean Temperature of Warmest Quarter

B

Temperature seasonality

Mean Temperature of Warmest Quarter

F=1221173, p<0.0001 ***

F= 853343, p<0.0001 ***

F=354.4, p<0.0001 ***
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firefly to colonize the western Mediterranean, as the spe-
cies is pre-adapted to the same environmental conditions.
According to our results, seasonal temperature seems to be
the same between native and invaded areas. The climatic

Absences Presence

Absences Presence

suitability of foreign areas (Jeschke and Strayer 2008) and
an apparent lack of native predators/parasitoids (Colautti et
al. 2004) are likely responsible for the detection of large
numbers of individuals of P. signaticollis in Europe in the
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Fig.4 A. Boxplots of presences F=1.205, p= 0.272

F= 8573, p<0.0001 *** F= 127508, p<0.0001 ***

points and variables used in the L .
ensemble model of Photinus sig- 600 | g '
. . . . - 2 B
naticollis in South America and g™ Cj! 251
Europe. F and p (> F) values are 2 g I — - N
included. *** = p<0.0001 g 500 e | | B
: | ==
& : =
© 201
® 400 o »
5 o 20 =
= = 0 =
& 8 . 8
@ — [
Q. @
2 300- R s BE
= : & s
(] = c
3
2001 101
0 = '
T T T T 10 - T T
Europe  South America Europe  South America Europe  South America
F= 9047, p<0.0001 *** F= 13906, p<0.0001 *** F= 2896, p<0.0001 ***
- .
2 300
g -
e} <
- @
4 25 c | =
g 2 5 1000 9
= s ® 2001
< E o 2
s o O
8207 3 500 S
g £ © 1001
£ < k=3
@ (&)
= 2
5 = .
= ¥ .
0 ’ 01

Europe South America

last years (2016-2023) since the first European records
(Koken et al. 2022).

More in detail, both native and colonized areas are con-
sidered climatically temperate (Beck et al. 2018), with South
American zones being considered as Humid Subtropical
(Cfa), and European zones as typical Mediterranean (Csa)
(according to the Koppen—Geiger climate classification).
Although there may be differences in the types of climates,
the area where P. signaticollis has currently been detected
in the Iberian Peninsula (specifically in Girona) is one of
the areas with the highest rainfall on the western Mediter-
ranean shores (Zittis et al. 2021). The climatic similarity
between native and foreign areas is one of the keys for spe-
cies to colonize the latter (Liu et al. 2020) since, especially
for ectotherms, they are adapted to certain temperature and
humidity conditions that are part of their ecological niche
(Venette et al. 2010; Willmer and Stone 1997). The climatic
niches for P. signaticollis in native and colonized areas dif-
fer significantly for all climatic variables except for tem-
perature seasonality, showing either a niche expansion of
the species or a niche unfilling with South American condi-
tions that are present in Europe. Also, our models indicate

Europe  South America Europe  South America

that the species has high suitability values in some areas
of Europe outside the ranges of South American variables,
i.e., areas with lower annual temperature range or lower and
higher mean temperature of wettest quarter. The species
could have a niche expansion in Europe in these areas, but
it would be unlikely and critical that it could make a niche
shift in less than ten years since its introduction, although
similar cases in other species have been reported (Hill et al.
2017; Polidori and Sanchez-Fernandez 2020). On the other
hand, the difference between the niches of the native and
colonized zones may be due to an unfilling niche, i.e., part
of the climatic conditions of South America are missing in
Europe, so in the colonized continent, this species cannot
fill the niche it has in the native continent. All the results
indicate that this species may extend its distribution across
the European continent, colonizing new areas. The areas of
P signaticollis in Europe are less humid and colder than
those of South America but not for the variable temperature
seasonality, i.e., temperature stable areas. In addition, for
the models of the two areas, this variable is the most impor-
tant in almost all model algorithms, denoting the relevance
of temperature stability, which the species seems to require
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Fig.5 A. Graph of principal component analysis of
the occurrences of P. signaticollis in South America A
and Europe considering the variables used in the

ensemble model. B. Graph of principal component

analysis of random points in the high suitability areas 25 .
of the ensemble models of P. signaticollis in South
America and Europe considering the variables used in
the ensemble model. C. Radar chart and comparison
of the mean values of presence points by each variable

o

used in the ensemble model of Photinus signaticollis
in South America and Europe (temperature seasonal-
ity and annual precipitation are divided by 100 and
precipitation of the coldest quarter by 10 to improve
the display of the graph)

Dim2 (20.9%)

-25-

2.5~

Dim2 (25.2%)

Precipitation of
Coldest Quarter

(see Table 2). These results suggest the hypothesis that
although there are differences between the species niches in
the two areas, these differences are smaller than the real spe-
cies tolerance ranges (physiological ranges that have not yet
been tested), except for temperature seasonality or stability,

@ Springer
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which appears to be a limiting variable for P. signaticol-
lis, which is in line with the phenological and observations
(see Introduction). To explore this question further, when
we examine the data separately, we obtain a priori different
temperature seasonality results for the native and colonized



Journal of Insect Conservation

Table 3 Niche expansion and niche unfilling of P. signaticolis in the native range and colonized areas (South America and Europe, respectively),
and results of niche overlap (Schoener’s D), niche equivalency test and niche similarity test for the native vs. the colonized areas. Measures of
niche expansion and unfilling are based on the 90th percentiles of the common environment between ranges. Niche overlap (Schoener’s D) values
of native populations are compared with 1,000 simulated data sets for both South America and Europe

Niche expansion Niche stability =~ Niche unfilling Niche overlap  Niche equiva- Niche simi-

(%) (%) (%) (D) lency (P) larity (P)
Occurrences 84.09 1591 98.90 0.027 1.000 0.089
Ensemble model 69.38 30.62 54.67 0.261 0.001 0.001

areas (see Fig. 3). On the one hand, in South America P,
signaticollis only occurs in areas with high temperature sea-
sonality (compared to the native range), whereas in Europe
it occurs in areas with low temperature seasonality (com-
pared to the colonized range). If we compare the two areas,
we see that there are no significant differences between
them, so they have similar conditions (even if they appear
to be relatively contradictory). With this global view of the
niche of P. signaticollis, we obtain that in the native area
there is the “lower limit” of temperature seasonality condi-
tions suitable for this firefly, whereas in the colonized area
there is the “upper limit”, forming both the “global limits”
of the distribution limited by temperature seasonality.The
humid subtropical (humid temperate) areas of the Iberian
Peninsula close to the European distribution of P. signaticol-
lis (inner Catalonia) are typically very rainy and relatively
cold (AEMet 2018), unlike the subtropical Pampean areas.
The European climatic conditions indicated by our models
are like those in the native area, except for the rainfall in
the coldest quarter, which is higher in the colonized area.
However, this may not negatively affect the species, as the
life cycle of the species shows that the animals are inactive
or in a larval stage beneath the ground in winter (Koken et
al. 2022), where climatic conditions have less influence than
above ground.

As the simple coverage models show (Fig. 1), some areas
encompass the same climatic conditions in the two areas of
the firefly’s distribution, although the mean values vary.
Using the climatic conditions of South America in Europe,
the area with the highest SECMi is found in Spain and
France where P. signaticollis is already found. This com-
parison of climatic niches makes it possible to observe some
similarities between the native and colonized areas, obtain-
ing the areas where a species can be established since the
abiotic conditions of the species’ fundamental niche are sim-
ilar (Soberon 2010), even if the niches do not overlap. This
could also indicate that P. signaticollis is in a climatically
restricted area in Europe, although it possesses the adapta-
tions to thrive there. If the biotic conditions are met, i.e., if
the necessary resources exist to survive and if there are no
antagonistic species with which to compete (fireflies have a
drastic decrease in their populations worldwide, including
the Western Palearctic (Lewis et al. 2020) or is predated/
parasitized (facilitated by the enemy release hypothesis

(Colautti et al. 2004), the area would be suitable for this
exotic species. Also, note that the coloration pattern of P.
signaticollis adults is quite reminiscent of that of male adult
Nyctophila reichii Du Val, 1859, an abundant, quite colorful
firefly species present throughout Spain and South-Western
France (Guzman and De Cock 2011; Constantin 2014).
Knowing that this local species uses defensive chemicals
and aposematic displays (Berger et al. 2021), the “new-
comer” species may benefit from less predation upon arrival
through the mechanisms resembling Batesian or Miillerian
mimicry, even if P. signaticollis has not shared a common
natural history and joint evolution with the native species.

Our potential distribution models for P. signaticollis
show that there are suitable areas not yet colonized by this
species in Europe, mainly in the French territories of the
Cher, Nievre and Allier departments and the Paris area, the
Italian coast of Tuscany and Sicily, Belgium (i.e., Prov-
ince of West Flanders), and inland areas of England (see
Fig. 2B). These areas should be particularly monitored to
control the possible appearance of this exotic firefly due to
their high suitability in abiotic factors and, thus, high prob-
ability of establishment.

Our models show low suitability for P. signaticollis
establishment in the Spanish inland areas in contrast to the
coastal zones of Girona. Here suitability is high, and an
already well-established population of this firefly is pres-
ent. In this region, this firefly appears near cornfields with a
special irrigation technique for water overflowing in winter.
This may also have an extra beneficial influence on the set-
tling of P, signaticollis in this area. Coincidentally, in coming
years, this agronomical technique will be abandoned, which
could negatively affect the population of Girona and harm
its expansion throughout Europe (Ramén Guzman personal
communication). However, a similar practice will continue
to exist in the “Pyrénées Orientales”, where old small canals
disperse the waters of a small river over a wide range, and
fields are regularly flooded during the hot season (Marcel
Koken unpublished). Photinus signaticollis is present in a
daily water-sprayed garden in Extremadura, the watering
possibly explaining the long-term maintenance of this small
population in this less suitable area, and it was observed
once in La Rioja, in inland Spain (Koken et al. 2022). In
Extremadura, the species does not seem to disperse, and in
La Rioja, it has thus far not been detected again, suggesting
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that it has not propagated or established in these areas, in
contrast to what happened in the Girona-France population.
This may indicate that colonization did not occur because
of the insect’s inability to establish a lasting population due
to unfavorable climatic conditions, and these records were
only of propagules that failed to prosper. Although we do
not know the propagule pressures in these areas that have a
direct impact on the establishment (Lockwood et al. 2004),
the climatic conditions shown in our model are clearly non
favorable, and this fact will still be an important factor mak-
ing it difficult or impossible for this exotic firefly to develop
in these areas.

Photinus signaticollis is yet an additional case of an
introduction event of an exotic species to Europe from the
Pampean region, such as the Argentine ant (Linepithema
humile (Mayr, 1868) Hymenoptera: Formicidae) (Human
and Gordon 1996; Roura-Pascual et al. 2004) or the palm
tree borer (Paysandisia archon (Burmeister, 1880) Lepidop-
tera: Castniidae) (Mufioz-Adalia and Colinas 2020). These
species have all been introduced throughout Europe and
other parts of the world due to quarantine problems dur-
ing the transport of plant materials, such as pots, potting
soil, or palm trees themselves, in the case of P. archon. This
would be in line with the hypothesis raised by Koken et al.
(2022) on the introduction mode of P. signaticollis into the
Palearctic by indirect and passive transport of larvae/pupae
during the importation of plants with soil from the firefly’s
native area.

We carried out this ecological and biogeographical study,
which follows previous work by Koken et al. (2020) and
suggest that the next logical step will consist in monitor-
ing and studying the impact of this exotic species on native
species. This is the only way to quantify the damage and
impact that P. signaticollis may have on the native fauna to
develop control programs. In addition, the taxonomy and
ecology of fireflies are not fully resolved, and the introduc-
tion of P, signaticollis into non-native areas may affect the
biodiversity of Lampyridae in unforeseen ways. This exotic
species should be considered a neglected invasive species
and future studies will have to establish whether it can pres-
ent a risk to native species. However, we are already well
aware of its high dispersal potential and its possibly nega-
tive impacts on earthworm communities.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10841-
023-00522-7.
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